ABSTRACT: The paradigm of the 'microbial loop' has became increasingly important for understanding the structure and function of aquatic ecosystems. Most of the microbial loop studies have focused on energy flow and nutrient cycling. Much less is known, however, about the importance of grazing as a force shaping the structure and community composition of planktonic bacteria. Theoretical considerations of predator-prey interactions suggest that predator evasion mechanisms should have evolved for bactena in the same way as in other predator-prey systems (e.g. zooplankton-phytoplankton). Consistent with this hypothesis, field data show that bacteria are often the most stable component of planktonic communities. Refuges from grazing are one of the possible mechanisms buffering bacterioplankton against strong seasonal fluctuations in abundance. Substantial direct and indirect evidence exists for the occurrence of grazing-resistant bacteria (GRB) in both marine and freshwater habitats. We summarize the potenbal mechanisms for grazing resistance, including morphological, chemcal and behavioral defenses as well as growth in spatial refuges. Cell size appears to be an important factor influencing susceptibility to grazing, with a refuge at the lower and upper ends of the bacterial size range. Thus, a relative grazing resistance can be assumed for the large number of ultramicrobactena as well as for morphologically complex growth forms such as filaments and aggregates. Besides morphological features, resistance may be achieved by other mechanisms for which, however, much less information is available. We describe how GRB can be included in conceptual models of the interactions among metazooplankton, bacterivorous protozoans and bacteria. It is suggested that the relative importance of GRB increases with increasing grazing pressure exerted by protozoans, whereas it decreases with increasing top-down control of protozoans by metazooplankton. GRB may reduce the productivity of planktonic systems through decreased trophic transfer efficiencies and reduced regeneration of bacterially bound nutrients.
INTRODUCTION
Heterotrophic bacteria are an important component of marine and freshwater planktonic systems. Bacterioplankton can consume 30 to 60% of the primary production via dissolved organic matter (Williams 1981 , Azam et al. 1983 , Cole et al. 1988 ) and bacterial biomass often comprises a major fraction of particulate organic carbon, in oligotrophic systems even surpassing phytoplankton biomass (Cho & Azam 1988 , Fuhrman et al. 1989 . As a consequence, the fate of bacterial biomass is central to the understanding of the carbon flow pathways. Grazing by phagotrophic protists, especially heterotrophic nanoflagellates (HNF), has been identified as the main bacterial loss factor (e.g. Fenchel 1982b , Sherr & Sherr 1984 , Wright & Coffin 1984 , Pace 1988 ) and can often more or less balance bacterial production.
When thinking about the role and implications of bacterivory in aquatic systems, at least 2 main lines of consideration must be brought into mind:
(1) From a functional point of view, it has been convincingly argued that bacterivory is a major mechanism for the regeneration of nutrients (Azam et al. 1983 , Caron & Goldman 1990 ) as well as for transferring energy to higher trophic levels which otherwise would be lost to the food web (Sherr & Sherr 1988) .
(2) From a structural point of view, one can hypothesize that bacterivory should be one of the major forces shaping the genotypic and phenotypic composition of bacterial communities. Considering that bacteria are the oldest form of life on earth, predator-prey relationships should have developed early in the history of bacteria and their consumers. Thus, the main selection forces driving such coevolution, i.e. optimizing predator avoidance by bacteria and the foraging efficiency of bacterivores, must have played an important role in the evolutionary development of both groups.
The functional aspect has clearly dominated among studies dealing with bacterivory in the aquatic world, whereas the evolutionary perspective has gained much less attention. Lack of information concerning the grazing impact on the composition of natural microbial communities is to some degree a result of methodological limitations. Bacteria, as well as the majority of their grazers, have been considered primarily as uniform functional units. The resulting rather simplistic view of the role of bacteria and microbial food webs was sufficient for a first approach to recognize the importance of microorganisms in aquatic ecosystems. The study of the above-mentioned evolutionary aspects in natural bacterial assemblages, however, depends on a more detailed analysis of the community composition.
We are now beginning to resolve the species composition of natural bacterial communities with the help of recently developed molecular methods for bacterial identification (see Pedros-Alio 1993) . It is too early, however, to draw any conclusions with respect to the interactions between bacteria and their predators until we have followed the dynamics of particular species of bacteria in natural populations. Nevertheless, there are already strong indications from theoretical and experimental studies which suggest that grazing pressure by bacterivores may strongly impact the composition of bacterial communities (Giide 1989) . In this review we draw attention to the topic of grazing resistance in planktonic bacteria. We feel that this rather neglected issue needs more consideration because it could substantially alter our understanding of the function and structure of microbial food webs. Moreover, because of the overall importance of planktonic microbes, these aspects can contribute also to a more comprehensive view of pelagic ecosystems.
In the present paper we first briefly outline some theoretical considerations which lead toward the concept of grazing-resistant bacteria (GRB). Then we summarize the potential mechanisms of grazing resistance in bacteria which have been suggested by experimental studies. Field observations which support the concept of GRB in planktonic habitats will be described. We focus mainly on field and experimental studies from planktonic ecosystems but refer to other systems, including sewage, sol1 and sediments, because of the similar underlying mechanisms. Finally we present a conceptual model in which the development of bacterial grazing resistance is integrated with interactions among planktonic metazoans, protozoans, and bacteria, and try to point to the most important consequences of GRB for the role of bacteria in aquatic ecosystems.
THEORETICAL EXPECTATIONS
Most of the theoretical work on predator-prey relationships is still based on Lotka-Volterra equations or modifications of them. Because the simple original assumptions made in the Lotka-Volterra equations can hardly occur in nature, most of the modifications were designed to better depict the real world by making more realistic assumptions (see review by Kuno 1987) . For the present consideration, there are 2 important points to be emphasized as the most relevant results of these theoretical studies:
(1) Without any additional influencing factors, predator-prey systems are inherently unstable. As was verified by many computer simulations there is a high probability of extinction of either predator or prey populations in the absence of stabilizing mechanisms (e.g. Kuno 1987) .
(2) Among the stabilizing conditions leading to coexistence of predator and prey, the most efficient one is the existence of a refuge for the prey species (e.g. Murdoch & Oaten 1975) .
Well-documented examples supporting these 2 points come from studies of the interactions between primary producers and herbivores. The different susceptibility of plant species to grazing mortality has long been a main point of interest and it is well known that herbivory can shift the species succession towards a community dominated by grazing-resistant species (Edwards & Gillman 1987) . This was first studied in terrestrial systems but has also been confirmed for planktonic herbivory (e.g. Porter 1977) . The resistance of some algal species to zooplankton grazing is a key factor in the phytoplankton succession of lakes (Porter 1977 , Sterner 1989 . Therefore, 'resource edibility' has been included in models of interactions between phytoplankton and herbivorous zooplankton (Leibold 1989) . It improved the prediction of algae and zooplankton abundances compared to other linear food chain models with l uniform population per trophic level (Oksanen et al. 198 1) . Behavioural, morphologi-cal and chemical defenses against predation within planktonic habitats are not limited to phytoplankton but are also important for protozoans, rotifers and cladocerans (Sih 1987) .
Grazing resistance could be at least as widespread and important in bacterial communities, considering the obviously high genotypic diversity and phenotypic plasticity of bacteria. The development of GRB can occur in 2 different ways: changes in species composition within a community or phenotypic changes within a given genotype. Recent molecular studies show that the taxonomic composition of natural bacterial communities comprises a tremendous diversity, although relatively few species appear to form the bulk of the biomass (Pedr6s-Alio 1993). The enormous genetic potential provides the basis for rapid selection of the best adapted strains to the prevailing selection forces. The high phenotypic plasticity of bacteria further extends the potential response of bacteria to predation pressure. The morphological and physiological flexibility of bacteria has been studied and interpreted mainly in response to environmental changes (see Roszak & Colwell 19871 , especially adaptations to nutrient limitation (e.g. Tempest & Neijssel 1978) and starvation survival (Kjelleberg 1993) . Surprisingly, very few studies have examined the physiological adaptations of bacterial species to predation (e.g. Shikano et al. 1990 ).
Predator avoidance mechanisms in bacteria gain a strategic advantage when predation is a major selective force. This is presumably not the case for bacterial cells which stay in the nutrient-deficient bulk phase of oligotrophic waters where the availability of energy is the limiting factor for bacterial growth. The dominant life strategy is starvation-survival with a reduced maintenance metabolism, small cell size and slow or no growth (Morita 1982, Kjelleberg 19931 , whereas the development of predator avoidance strategies is of minor importance. Further, bacteria in very oligotrophic environments may gain a numerical refuge from grazing because their low numbers are insufficient to support significant grazer populations (Wikner & Hagstrijm 1991) .
However, it is assumed that nutrient-enriched microzones, like aggregates, feces and the surroundings of excreting organisms, are of particular importance in oligotrophic environments (Azam & Ammeman 1984 , Goldman 1984 . On aggregates, all microbial components and processes are incorporated in a concentrated form. Larger sized bacteria and abundant protozoans occur in these microzones (Caron et al. 1982 ) and predation could become an important selection pressure on the bacterial assemblage. Substrate control of bacteria can also be the prevailing controlling mechanism in more eutrophic systems (e.g. Billen et al. 1990 , Giide 1993 ) but nutrient-rich microenvironments and substrate pulses become more frequent. Thus, the relative importance of predation as the selective pressure should increase with the trophy of the environment and some of our considerations regarding the importance of GRB are focused on these situations.
The adaptational capacity of bacterioplankton, on the community and on the species level, combined with potentially high growth rates should allow a rapid succession towards resistant bacteria when predation is a major selective force. This should be especially true when predation by a single guild of grazers predominates. Indeed, heterotrophic nanoflagellates (HNF) have been identified for many freshwater and marine planktonic systems as the major bacterivores (Wright & Coffin 1984 , Giide 1986 , McManus & Fuhrman 1988 , Wikner & Hagstrom 1988 , Sanders et al. 1989 .
MECHANISMS OF GRAZING RESISTANCE
It has to be emphasized that grazing resistance is a relative, rather than an absolute, property and that the degree of grazing resistance depends on a variety of factors. Although an absolute resistance might rarely be achieved, a slightly reduced vulnerability of certain bacterial forms could have profound impacts on their population dynamics. The type of grazer which predominates is certainly an important factor. Reduced vulnerability towards one type of grazer can imply enhanced vulnerability towards other predators as will be exemplified in some cases for protozoans and metazoans as bacterivores. Most of our considerations and evidence, however, will focus on resistance against predation by protozoans, as they seem to be the most ubiquitous bacterial grazers in planktonic environments (e.g. Sanders et al. 1992) .
For some predator avoidance mechanisms, the distinction between a passive resistance, which enables the survival of non-growing or slowly growing cells, and the active growth of predation resistant forms can be made. This is outlined in more detail for morphological properties, but is probably also valid for some other resistance strategies.
Morphological properties
The morphology and size structure of planktonic bacteria is relatively easy to assess by current methodology (epifluorescence microscopy, image analysis). Thus, more information is available on morphological features than on other potential resistance properties of bacteria. It is known that the morphological structure of bacterial assemblages can change on short time scales and is influenced mainly by substrate supply and grazing activities (Turley et al. 1986 , Krambeck 1988 . Size-selective predation is an important mechanism for structuring zooplankton communities (e.g. Brooks & Dodson 1965) and might play an important role also for the smallest organisms within the planktonic food web.
'Ultramicrobacteria' as a passive resistance Natural bacterial assemblages are characterized by the dominance of small cells (generally 0.02 to 0.1 pm3 in volume), in contrast to bacterial isolates or even mixed seawater cultures grown in the laboratory, which mostly grow as larger rods and exceed a volume of 0.1 to 0.2 pm3 (e.g. Ammerman et al. 1984) . The discrepancy in the size structure between laboratory cultures and in situ assemblages can be explained by the starvation conditions experienced by planktonic bacteria, which force the development of small, slowly or non-growing cells (Morita 1982 , Kjelleberg 1993 and by a continuous selective removal of larger bacteria by grazers in the natural environments (Ammerman et al. 1984) . The smallest size classes (<0.3 pm) of planktonic bacteria, termed ultramicrobacteria (Torella & Morita 1981) , can form a considerable biomass in oligotrophic waters (Cho & Azam 1988) . Active growth without an increase of cell size has been found only rarely for ultramicrobacteria (Torella & Morita 1981 , Schut et al. 1993 ) and most are probably in a dormant state (Stevenson 1978) .
Much evidence reveals that small sized bacteria are grazed at a lower rate by protozoans. It has been shown in culture experiments (Andersson et al. 1986) and in field observations (Krambeck 1988 , KuuppoLeinikki 1990 ) that the size distribution of bacterioplankton shifts towards the lower end in the presence of bacterivorous flagellates. Higher feeding rates on larger sized particles has been demonstrated first for bacterivorous, filter-feeding ciliates (Fenchel 1980) . Moreover, a clear preference for larger sized bacteria was demonstrated when mixtures of differently sized fluorescently labelled bacteria were offered simultaneously to interception-feeding HNF (Chrzanowski & Simek 1990 , Epstein & Shiaris 1992 , Simek & Chrzanowski 1992 .
A dependence of particle uptake efficiency on cell size was also found when the feeding rates on different particle sizes were compared independently. Clearance rates of HNF on bacteria were shown to increase in proportion to the volume (Gonzalez et al. 1990) or to the radius (Monger & Landry 1991) of the bacterial cells. Fig. 1 shows the dependence of the relative feeding efficiencies of interception-feeding nanoflagellates on particle size in 4 studies. According to these results, the smallest bacterial cells have a reduced vulnerability to HNF. However, it is difficult to determine from these studies which natural bacterial size classes might constitute a grazing refuge because very different ranges of bacterial sizes were used in these experiments. The bacterial volumes which were considered span nearly 3 orders of magnitude. One reason for these discrepancies might be that factors other than size can be responsible for selection of certain bacteria , Gonzalez et al. 1993 . Another problem is the potentially large bias of cell size measurements due to the different methods used (Krambeck et al. 1990 ). This may be overcome by using microspheres of defined diameters. Relative maximum filtration rates for 4 particle sizes (0.22, 0.47, 0.88 and 1.0 pm diameter) have been included in Fig. 1 , derived from uptake studies with starved HNF, which showed no discrimination of beads compared to bacteria (Jiirgens unpubl.). Filtration efficiency increased nearly exponentially with particle volume and microspheres of 0.47 pm were ingested at a rate of about 20% of 1.0 pm particles. Size-selective feeding by direct-interception-feeding flagellates does not require active predator choice and can be explained solely by geometric models of particle encounter probabihties (Fenchel 1982a ). These models predict that direct interception of prey particles by a spherical collector is proportional to the square of the prey radius. This was modified by Monger & Landry (1990) , to include hydrodynamic boundary effects and van der Waals forces and by Shimeta & Jumars (1991) , to include diffusional deposition. Although the encounter probability models are probably the basis for the observed slze-discrimination, actual ingestion rates by HNF might differ also because of more behavioural complexity (see Verity 1991a) .
Organisms other than HNF are probably of minor importance as consumers of ultramicrobacteria. Some ciliate species are able to ingest particles down to 0.1 pm but with a drastically reduced clearance rate (Fenchel 1980 ). Only few filter-feeding metazoans can be significant consumers of natural bacteria. These are mainly cladocerans (e.g. Daphnia) in lakes (e.g. Porter et al. 1983 , Brendelberger 1991 and appendicularians in marine systems (King et al. 1980 , Flood et al. 1992 ). The retention efficiency in Daphnia decreases rapidly for bacteria less than 0.5 pm (Brendelberger 1991) and both Daphnia and appendicularians occur only seasonally and not in all systems in high numbers.
Small size does not achieve an absolute grazing resistance for natural bacteria. Nanoflagellates have been shown to be able to ingest microspheres of less than 0.1 pm (Marchant & Scott 1993) and even viruses (Gonzalez & Suttle 1993) and macromolecules (Sherr 1988 , Marchant & Scott 1993 , Tranvik et al. 1993 ). However, the probability of capture decreases for small cells, and this relative grazing resistance might be sufficient to survive periods of unfavourable conditions without cell multiplication. In summary, miniaturisation of cell size can be considered mainly as an adaptation to severe carbon limitation. Concomitantly, however, this adaptation reduces the risk of being consumed by bacterivores and thus constitutes a predation defense without extra costs. In contrast, actively growing bacteria have to increase in cell size and thus become more vulnerable to predation (Sherr et al. 1992) . No estimation of this relative grazing resistance of ultramicrobacteria has been done yet. Therefore their potential sunrival time in natural waters cannot be estimated at present.
Morphologically complex growth forms
A variety of bacterial growth forms exists which can not be ingested by the majority of small phagotrophic protozoans due to their morphology. Among those forms, which mostly exceed the size of HNF, are filaments, spiral-shaped and star-like cells, and aggregations and clumps of smaller cells. Strong grazing pressure by protozoans can cause shifts in bacterial populations from a predominance of small, freely dispersed single cells to such complex growth forms (Gude 1979) . This has been observed first in sewage treatment processes where bacterial flocculation was suggested to result from the selective removal of dispersed bacteria by protozoans (reviewed by Curds 1982) . In chemostat experiments with inocula from activated sludge systems, the grazer-dependent development of aggregates and filaments was demonstrated by Giide (1979 Giide ( , 1982 , but similar observations have also been made in experimental protozoan/bacteria systems in sea or in lake water (van Wambeke & Bianchi 1985 , Caron et al. 1988 , Bianchi 1989 .
The observed pattern suggests that free single cells are selected when competition for substrates is the only selection factor. But these cells are most susceptible to protozoan grazing and are therefore replaced by grazing-resistant, more complex growth forms when grazing pressure exceeds a certain level. The change in population size structure can be accompanied by a change in species composition and the appearance of morphologically peculiar forms like Microcyclus sp. (Gude 1979) and Ancalomicrobium (Bianchi 1989) . However, an alteration of the species composition need not necessarily be involved. Some bacterial species seem to have a high phenotypic plasticity which enables them to change their morphology under certain conditions (Gude 1979) . This was also demonstrated by Shikano et al. (1990) for a bacterium which could increase in length from 1.5 pm to 20 pm when exposed to predation by the ciliate Cyclidium sp. Although environmental factors, like medium composition, substrate source and temperature, can be responsible for the development of long filaments in some bacterial strains (e.g. Pate1 et al. 1979) , this morphological change has to be seen also in the context of anti-predator defenses. Morphologically complex bacteria generally cannot be ingested by nanoprotozoans although there are exceptions, such as certain sewage ciliate species which are specialised to prey on large filaments (Inamori et al. 1991) . Which type of grazing-resistant growth forms (e.g. aggregates or filaments) becomes predominant under protozoan predation seems to depend partly on the composition of the available substrates (Giide 1989) .
The above-mentioned studies have 2 features in common which are important for the interpretation of situations where morphologically resistant bacteria occur. First, the substrate supply was generally enhanced, compared to the natural situation, by addition of organic carbon. This suggests that under very low substrate concentrations morphologically complex growth forms like filaments and aggregates could have difficulties in meeting their growth demands. The second characteristic of experiments where morphologically inedible bacteria developed is that protozoans (flagellates and ciliates) were always nearly the exclusive bacterial grazers. When larger metazooplankton are also present, the outcome may be quite different.
First, bacterial aggregates and other complex growth of these findings for the natural situation will be disforms are more suitable food particles for larger detrital cussed later. consumers and filter feeders (e.g. Schoenberg & Maccubin 1985, Lawrence et al. 1993) and are directly consumed. Second, metazoan predation on protozoans Chemical properties reduces the grazing pressure on small bacteria.
The effects of protozoan and metazoan predation on Among the interactions between phytoplankton and the bacterial community structure were compared in zooplankton grazers, considerable evidence for chemilaboratory microcosm experiments with a mixed baccally mediated grazing resistance of certain algal terial lake water culture, nanoflagellates and metaspecies has accumulated, e.g. indigestibility and unzooplankton (Jiirgens et al. unpubl.) . The growing bacdamaged gut passage of certain green and blue-green terial population, supplemented with glucose, was algae (Porter 1973 ) and inhibition of zooplankton filterexposed for 24 h to predation by HNF alone or by both ing activity (Lampert 1981) . In analogy to these interDaphnia magna and HNF. In both cases the bacteria actions, similar mechanisms should be expected also were reduced to a similar low level. But the remaining for bacterioplankton. However, corresponding experibacterial assemblage after 24 h of protozoan grazing mental studies are still scarce. Evidence for chemical consisted of more than 80% of GRB (aggregates and resistance comes more indirectly from laboratory filaments). In the presence of D. magna, which can growth experiments with bacterivorous protozoans feed on flagellates and probably also on most morphoand from studies on host-pathogen interactions in logical types of bacteria (Giide 1988) , the remaining medical microbiology. bacterial population resembled the original one, with A number of authors have reported different growth free single cells predominating (Fig. 2) . Thus we conefficiencies of bacterivorous protozoans in dependence clude that the grazing resistance of complex growth on the bacterial species offered. This has been shown forms is an appropriate solution when small protists in laboratory experiments with amoebae (Singh 1941) , are the main predators but not when significant graznanoflagellates (Sherr et al. 1983 , Mitchell et al. 1988 1976). Some of the bacterial strains used in these studies did not support growth of the protozoans at all or even produced toxic effects (Curds & Vandyke 1966 , Barna & Weis 1973 . Because generally these strains were not morphologically distinct from bacterial strains which supported growth of the protozoans, these findings suggest the existence of some kind of chemical resistance. This cannot be proven, however, until the fate of ingested cells has been followed in more detail. The biochemical composition of the bacterial prey might simply limit protozoan growth without lowering the vulnerability of the bacteria towards ingestion and digestion. Whereas the survival strategy of morphologically resistant bacteria aims at avoiding ingestion, chemical resistance might involve reduced digestion and assimilation following ingestion. The fate of bacteria preyed upon by protozoans is probably to a large extent determined after the ingestion process, which can be rather unselective and independent of the nutritional value of the food particles (Dubowsky 1974) . Studies regarding this aspect in the interactions between bacteria and bacterivores have dealt mainly with enteric and pathogenic bacteria because of the general public health aspects. Very different digestion times have been found, for example, for Enterococcus feacalis and Escherichia coli despite similar ingestion rates by a natural protozoan community (Gonz6lez et al. 1990 ).
The undamaged gut passage of natural heterotrophic bacteria inside different planktonic metazoans, e.g. Daphnia ambigua (King et al. 1991) and Calanuspacificus (Lawrence et al. 1993) , has been reported.
The phagocytosis of pathogenic bacteria by protozoans has received some attention because of possible similarity with the uptake and killing of rnicroorganisms by phagocytic cells in the host defence of higher organisms (Lock et al. 1987 ). For several pathogenic bacterial strains, the undamaged survival and sometimes even proliferation inside bacterivorous protozoans has been shown, for example for Vibrio cholerae inside 2 species of amoebae (Thom et al. 1992) , and for several coliform bacterial strains (King et al. 1988 ) and Listeria spp. (Ly & Miiller 1990 ) inside the amoebae Acanthamoeba castellam. and the ciliate Thetrahymena pyriformis. King et al. (1988) speculated that resistance to protozoan digestion is an evolutionary precursor of pathogenicity in bacteria. Survival in a protective and nutrient-rich microenvironment inside some protozoan species could be another survival strategy of natural bacteria (King et al. 1988 ). Thus, resistance to digestion is a potentially widespread mechanism in natural bacteria.
The factors which influence the digestibility and assimilation of ingested bacteria are only poorly known. There are indications of an inferior food value of Gram-positive bacteria (e.g. Bacillus subtilis) for various ciliates (Taylor & Berger 1976 ) and of sulfurcontaining bacteria (Chlorobium phaeobacteroides, Thiocapsa roseopersicina) for acidophilic flagellates (McGinnes & Johnson 1992) . The physiochemical properties of the surface membranes of bacteria are certainly crucial for the phagocytosis process (van Oss 1978) . One important parameter is the bacterial cellsurface hydrophobicity. It has been shown to promote adhesion to surfaces and to be a response to starvation conditions (Kjelleberg & Hermansson 1984) . Evidence that surface hydrophobicity influences phagocytosis comes from studies on the ingestion of pathogenic bacteria (e.g. Staphylococcus and Salmonella) by phagocytic cells of the human immune system. Several authors have reported that the hydrophobicity of the tested bacterial strain was positively correlated to the ingestion rate by phagocytic cells (Cunningham et al. 1975 , Absolom 1988 , Marodi et al. 1990 ). Because of similarity with the ingestion process of bacterivorous flagellates, comparable results can be expected. In preliminary experiments with differentially coated microspheres, it became indeed evident that increased hydrophobicity of the particles strongly increased the clearance rate of nanoflagellates (M. Landry pers. comrn.).
The molecular composition of bacterial cell walls can be considered plastic and responsive to the bacterial growth environment (Ellwood & Tempest 1972 ) and could constitute a key factor for the phagocytosis process. So far, detailed studies on the phenotypic plasticity of bacterial cell walls have been conducted only to examine responses to environmental growth conditions but not to protozoan grazing pressure.
Exopolymer secretion (EPS) has been found in many bacteria and serves different functions which enhance the survival and competitive success of microbes (reviewed by Decho 1990) . These include the formation of a favourable microenvironment which facilitates attachment, maintains activity of exoenzymes, sequesters nutrients and protects against toxins (Decho 1990) . Capsular secretions may also prevent efficient uptake by nanograzers and could act, after ingestion, as a barrier which slows down the penetration of digestive enzymes. The formation of extracellular products has been observed in P-limited mixed bacterial cultures where it probably reduced the extent to which the bacterial population was grazed by HNF (Jiirgens & Giide 1990) . Because EPS secretion is dependent on an excessive carbon supply (Decho 1990) , this potential grazing resistance mechanism is probably less relevant in the bulk water phase. It could be important, however, inside detritus aggregates, where the formation of bacterial exopolymers has been noted (Biddanda 1985) .
Motility
Behavioural properties of pelagic bacteria which might influence the vulnerability to grazers is probably confined to motility. Bacterial motility, in combination with chemotactic behaviour, could help to locate microzones of high organic substrate concentrations (Azam & Ammerman 1984) and thereby increase the competitive ability of natural bacteria (Lauffenburger 1991) . The importance and frequency of motility among natural bacterioplankton is not well studied and restricted to a few observations. Azam & Cho (1987) reported that 5 to 30% of the bacteria in concentrated marine samples were motile, with mean swimming speeds of 20 to 40 pm S-'.
Motility of a bacterial cell would increase the encounter rate with a direct-contact feeding flagellate. Diffusion feeding rates (of non-motile flagellates) could equal the direct-interception-feeding rates (of motile flagellates) if all bacterial prey were motile (Fenchel 1984) . The effect of motility on capture rate can be evaluated when comparing grazing on motile and non-motile forms of the same bacterial species. This was done by Monger & Landry (1992) and Gonzalez et al. (1993) who both found 2 to 4 times higher clearance rates of HNF grazing on a motile bacterium compared to a non-motile (heat-killed) bacterial numbers and cell volumes are generally form. Contrary to these findings, Mitchell et al. (1988) increased compared to the epilimnion due, in part, to observed higher growth rates of Bodo saltans on nonreduced predation by bacterivorous protozoans motile bacterial strains than on flagellated, motile (Fenchel & Finlay 1991 , Cole et al. 1993 , Pedros-Alio & bacteria. However, in this case it could have been also Guerrero 1993). due to other properties (e.g. the chemical composition) of the different bacterial strains used.
It has been reported that during carbon starvation, INTERPRETATION OF FIELD DATA rod-shaped motile cells become small, coccoid and nonmotile (Holmquist & Kjelleberg 1993) . Presumably
Field studies on bacteria-grazer interactions have motility and chemotaxis are lost by small, starving generally focused on assessing the abundances of bacbacterial cells. If motility is restricted to bacteria which teria and protists and on the measurement of bacterial are in an actively growing state, it means that their production and grazing losses. Little is known about enhanced vulnerability due to their larger size is how grazing can impact and alter the composition of further increased.
bacterial communities. One indirect support for the GRB concept comes from the relative stability of bacterioplankton standing stock within a given system. AddiSpatial refuges tional evidence can be derived from the study of microbial successions in microcosms which we summarize The concept of bacterial growth in spatial refuges below. Direct observations of GRB in natural waters are has been developed mainly from studies of bacteriamainly restricted to morphologically complex growth protozoan interactions in soil and sediments. The pore forms, for which we will present some examples. size of soil aggregates is obviously an important factor influencing the accessibility of bacteria to grazers (Vargas & Hattori 1986 , England et al. 1993 .
Population dynamics of bacterioplankton In pelagic environments, the majority of the bacteria are freely suspended and obviously without a spatial Some considerations about the potential importance refuge. However, attached bacteria, although minor in of GRB gain support from data on the abundance and numbers, can constitute a significant fraction of the seasonal dynamics of bacteria and their main predatotal bacterial biomass and activity (e.g. Pedros-Alio tors, heterotrophic nanoflagellates. In the earlier & Brock 1983a). As mentioned in the 'Introduction', microbial loop studies it was postulated that the connutrient-enriched microaggregates can be spots of stant low numbers of bacteria in the ocean are mainhigh activity and increased predation pressure. Some tained by grazing activities (e.g. Ducklow 1983 , species of flagellates and ciliates are specialised to Fenchel 1984) . However, bacterial concentrations feed on bacteria inside aggregates (Caron 1987, Sib- which are between 105 and 106 cells ml-', and thus bald & Albright 1988). The origin and physical strucbelow a possible threshold level for HNF growth ture of the particles, and the location of the bacteria (Fenchel 1982b , Wikner & Hagstrijm 1991 , are within the particle, may affect whether particles can restricted to the most oligotrophic environments where serve as a refuge. In fact, suspended solids were shown bacteria are severely substrate limited. In meso-to to harbor higher bacterial concentrations than the eutrophic lakes and coastal areas, bacterial concensurrounding water (e.g. Goulder 1976), and attachtrations during the growing season are generally bement to particles has been found to be an effective surtween 5 and 10 X 106 ml-' (Bird & Kalff 1984) . Although viva1 mechanism of Escherichia coli cells which were population regulation occurs generally by a balancing released in lake water (Brettar & Hofle 1992) . Particleof 'bottom-up' food limitation and 'top-down' predaassociated bacteria might be less vulnerable to prototion effects (Oksanen et al. 1981 , Leibold 1989 , there zoan grazing but they can be ingested efficiently by is strong empirical and experimental evidence that the many metazooplankters (Schoenberg & Maccubin standing stock of bacterioplankton is mainly deter-1985, Lawrence et al. 1993) .
mined by bottom-up limitation, i.e. the substrate Bacterial growth in biofilms, where grazing can be supply of the system (Cole et al. 1988 , Billen et al. 1990 , strongly reduced, is important in lotic and benthic Giide 1993) . habitats (Lock et al. 1984) but not in pelagic waters. For
The low seasonal variation in bacterial density coma spatial refuge on a larger scale, we have to also conpared to other plankton organisms is well known (e. B a c t e r i a 0 Phytoplankton Original data for phytoplankton were expressed as chlorophyll a or biomass and for bacteria as cell number or biomass. Only values during the growing season (approximately between ApriYMay and October/November) were considered, where temperatures were generally above 10°C. Ratio of maximum to minimum value (as natural logarithm) is shown. (B) Mean chlorophyll a concentration as a trophic indicator for the systems during the period considered for (A). When only biomass data were given, chl a was estimated by assuming a ratio of chl a:C of 50. Data from the following sources were used: (1) Velimirov & Walenta- ; (2) Kirchman et al. (1993) ; (3) Kivi et al. (1993) ; (4) Amblard et al. (1993) ; (5) plankton and bacterioplankton variation throughout the growing season, we used from literature reports only the data between April/May and October/ November, thus most of the values were from water temperatures above 10°C. Fig. 3 shows the total variation (maximum value/rninimum value) of bacteria and phytoplankton for each system, listed in order of increasing chlorophyll concentration. Additionally, the summary statistics of marine and freshwater data are given separately in Table 1 . Most available data are from lakes and coastal estuaries. Few off-shore data could be included because of the lack of seasonal studies. Although for most studies only chlorophyll a and bacterial numbers were available, and not measured biomass, these data are sufficient to demonstrate the different seasonal dynamics. The freshwater data show, with one exception for Lake Ontario, a consistently higher variation in phytoplankton than in bacteria. For marine systems this tendency is not so clear (9 out of 13 studies with higher phytoplankton variation), possibly caused by an overrepresentation of oligotrophic systems. Phytoplankton variation is especially high in meso-to eutrophic lakes where more than half of the systems shown in Fig. 3 vary between 20-and 150-fold, whereas concomitant changes of bacterial standing stock vary between 1.5-and 9-fold. The highest seasonal variation occurs in lakes with variable populations of cladocerans. There, clearwater phases with chlorophyll minima and dense algae blooms can be found within one season (Lampert et al. 1986 ). The empirical data outlined above point to a much higher buffering of bacterioplankton populations than for other planktonic organisms. Many predator-prey relationships in aquatic systems are characterized by strong, temporal instabilities. For example, fish or insect predators in some lakes can drive larger zooplankton species extinct (Brooks & Dodson 1965) and herbivorous zooplankton (e.g. Daphnia) can temporarily almost eliminate small edible phytoplankton (Lampert et al. 1986 ).
Similar predation impacts on bacteria, where bacterial numbers change from peaks down to levels comparable to the winter situation, have only rarely been reported (e.g. Rao et al. 1979) . The relative seasonal constancy of bacterial numbers has been attributed to a constant balancing of bacterial production by grazing protozoans (Azam et al. 1983 , Wright & Coffin 1984 . However, there remain some objections to the role of HNF as controlling agents of planktonic bacteria. Although it has been shown that HNF numbers increase with the trophy of the system (Sanders et al. 1992) , seasonal HNF fluctuations are much higher than those of bacteria, especially in more eutrophic systems (Fenchel 1984 , Jiirgens 1992 , Gas01 & Vaque 1993 . Strong fluctuations in HNF abundance, which were probably mainly governed by a change in metazoan predation, were often without any resulting changes in bacterial abundance (e.g. Jiirgens , Weisse 1991 . Typical predatorprey oscillations between bacteria and HNF seem to be an exception (e.g. Andersen & Serrensen 1986). 
Microbial succession in microcosms
Numerous studies, mostly from marine systems, have been designed to examine the decomposition of natural particulate or dissolved organic substrates and the resulting successions of the microbial communities. A general feature of these studies was the addition of a n organic carbon source to sea or lake water which stimulated the development and succession of heterotrophic bacteria and Considering the large concentration and biomass of protozoans. Despite very different experimental condibacterioplankton in more eutrophic systems, bacteria tions, including substrate source, medium, temperaseemed to be often a rather minimally exploited ture and incubation time, a general succession pattern food resource for HNF (Jiirgens 1992) . A study on can be extracted from all these studies and interpreted eutrophic lakes and ponds revealed that the majority with respect to the development of GRB. The 3 main of the planktonic bacteria were in the smallest size sequences with the development of the major organclasses (< 0.02 pm3), the number of larger bacteria ism groups in this succession are schematically shown (>0.5 pm), however, was found to be sufficiently high in Fig. 4 . (3 to 7 X 106 ml-l) for nearly maximal growth rates of
In the initial phase I, substrate addition stimulates HNF (Jurgens 1992) . These findings implied that bacterial growth and free single-celled, rod-shaped grazers were obviously not efficiently controlling bacbacteria increase rapidly and consume the available terial numbers although their feeding activity may dissolved substrates. Bacterial diversity is generally balance bacterial production.
decreasing during this process and few cell types Unfortunately we do not know with sufficient dominate. In phase 11, bacterivorous nanoflagellates confidence how close natural bacterial assemblages develop with high growth rates. They consume the approach the carrying capacity of the environment. majority of the initial free bacterial assemblage and The growth of bacteria in the absence of grazers, as only attached bacteria and very small cocci remain. achieved by 1 pm filtration and bottle incubation Bacterial biomass is strongly reduced and can reach (Wright & Coffin 1984) can be subject to artefacts, as minimum levels depending on the grazing pressure. indicated by pronounced lag-phases (Giide et al. But when sufficient substrate supply is maintained, 1991), and has to be interpreted with caution.
bacterial numbers increase again in phase I11 to a There are 2 alternative hypotheses to the conclusion second peak despite the continued presence of protothat bacterial biomass is not efficiently exploited by zoans. Therefore this bacterial assemblage seems to be bacterivores. First, predators on HNF (ciliates and less vulnerable to protozoan grazing. The bacterial metazoans) could keep HNF at low densities, thereby enabling higher bacterial concentrations (Wright 1988) . This is certainly true in many situations, well documented for example when Daphnia dominates the metazoan community (Riemann 1985 , Gude 1988 , Pace et al. 1990 ). However, relatively small numbers of bacterivorous protists were even found when predation pressure on HNF was estimated to be low and it is not very probable that nanoplanktonic protists are consistently predator controlled. The other (or additional) explanation would Time be that increased grazing pressure is followed by the development of GRB. Only a part of the bacteria- nanoflagellates; C: ciliates community structure has changed compared to phase I, new forms have appeared and a morphologically more complex bacterial community develops. The bacterial taxonomic diversity increases again in phase 111 (e.g. Painting et al. 1989 ) and larger protozoans appear.
Although predation-resistant bacteria were not the focus of these studies, there are many indications that the second bacterial peak in some of these microcosm experiments consisted of cells which were less accessible to protozoans. Observations on the bacterial assemblage in the different studies, which are probably related to a development of GRB, are listed in Table 2 . Most of the evidence refers to morphologically inedible bacteria as large rods, complex growth forms like stalk-like caulobacters and filaments, bacteria in aggregates or attached to particles and small cocci. However, they are only the most obvious forms and other grazing-resistance mechanisms (e.g. chemical resistance) might have been also present.
The bacterial succession during decomposition of particulate organic matter has been attributed mainly to a change in substrates and a corresponding sequence of specifically adapted species during the decomposition process (Fukami et al. 1985 , van Wambeke & Bianchi 1985 , Lucas 1986 ). Although external factors, e.g. amount and composition of substrates and temperature, are certainly important for the species selection, it seems likely that predation by protozoans is at some stages another crucial structuring force for the bacterial assemblage. To verify the role of grazing in changes in bacterial community structure, bacterial succession must be compared to controls where proto- Table 2 . Possible grazing-resistant bacteria (GRB) zoans were eliminated. In one such study which examined the decomposition of natural macrophyte detritus in lake water (M. Sala & H. Giide unpubl.), complex bacterial growth forms, e.g. aggregates, attached bacteria and filaments, developed only in treatments with protozoans, and not in treatments in which the inoculum was kept protozoan-free. In the protist-free treatments, the POC degradation process was comparable but freely suspended bacteria remained dominant.
Field evidence for grazing-resistant bacterioplankton Direct observations of GRB in natural waters are restricted to those forms which are most obvious from the phenotypic variations observable with epifluorescence microscopy, e.g. morphologically complex growth forms like filaments and aggregates. A focus on the morphological composition ignores other features, especially the chemically mediated resistance properties, and may therefore reveal only a small proportion of the GRB. Nevertheless, an estimation of this group of GRB can already yield some insights into the potential importance (in terms of biomass) and regulating factors.
The occurrence of complex bacterial growth forms like aggregates, filamentous and star-shaped bacteria during certain periods has been documented from lakes (Giide et al. 1985 , Schmaljohann et al. 1987 , estuarine environments (Sieburth 1984) and oceanic macroaggregates (Caron et al. 1982) . It can coincide with phytoplankton blooms but, more frequently, with periods of intensive grazing by HNF (Giide et al. 1985 part, also other types of GRB.
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An even more drastic example for the rapid development of GRB was seen in an enclosure experiment in a mesotrophic lake in which the zooplankton community was manipulated (Jiirgens et al. 1994) . The removal of Daphnia spp. from the system resulted in a mass appearance of phagotrophic protozoans which consumed the major portion of the initial bacterial community and initiated a bloom of filamentous bacteria (> 10 pm in length). After 3 d, filaments comprised more than 80% of the bacterial biomass (Fig. 6) . This study clearly demonstrated that cascading trophic interactions can substantially alter the bacterial assemblage. Such alterations of bacterial populations might be less visible in more oligotrophic systems, as indicated by a comparable study of Pace & Funke (1991) , where the removal of crustacean zooplankton had no obvious effect on the bacterioplankton. Direct observation of GRB in planktonic habitats might also include the temporal appearance of bacterial species of peculiar morphology. Taxa such as Caulobacter, Ancalomicrobium, Planktomyces and Microcyclus have been reported from different lakes (Jones 1978 , Schmaljohann et al. 1987 , Staley et al. 1987 . The edibility of these forms for protozoans remains to be examined and also whether their occurrence is influenced by protozoan grazing pressure.
A trade-off certainly exists for complex bacterial morphotypes between predation avoidance and competition for substrates. The appearance of larger numbers of filaments, aggregates, etc. has been reported mainly from more eutrophic conditions. This suggests that morphologically complex growth forms are inferior competitors under substrate limitation compared to small, single cells (Gude 1989) . They probably develop only when predation pressure by phago-trophic protists exceeds the competition for substrates. Such situations occur more frequently in eutrophic systems or microenvironments. Moreover, the overall food web structure, e.g. interactions between metazoans and protozoans, is of crucial importance in determining the selection conditions as revealed from the examples in Figs. 2 & 6 .
Indirect evidence concerning grazing resistance of planktonic bacteria can be derived from in situ experiments in which the protozoan community is released from predation by the removal of metazoans, a technique which is used to estimate the growth rates of planktonic protozoans (e.g. Carrick et al. 1992) . The decline of bacteria after the development of phagotrophic protozoans would provide an indication of the availability of the bacterial assemblage to consumers and the proportion of GRB in this situation. Unfortunately, not much attention has been paid to the fate of bacteria in these incubations. In the above mentioned example of an enclosure experiment, where the metazooplankton was manipulated (Fig. 6) , the initial bacterial population was obviously edible by protozoans, since bacterial abundance declined by 90 %. It remains open to what proportion bacterial assemblages are available for protozoan grazers during other seasons and in other systems.
IMPLICATIONS FOR MICROBIAL FOOD WEBS
From the evidence outlined above, we conclude that the frequent occurrence of GRB should be expected in natural habitats. If microbial communities play an important role in pelagic systems, as currently believed, then the existence of GRB has potential implications for fundamental ecosystem processes. However, due to the lack of specific investigations, we have at present no concrete ideas about the quantitative importance of GRB in different aquatic environments, the controlling factors and the seasonal dynamics. Our purpose here has been to summarize from the direct and indirect evidence some of the obvious features of GRB, and to outline possible consequences for the structure and function of microbial food webs.
Grazing-resistant bacteria in planktonic food web models
Despite the obvious lack of more detailed information, we can formulate a preliminary scheme as to how GRB could be included conceptually in models of planktonic food webs:
(1) Grazing resistance has been discussed mainly in response to protozoan grazing which is justified by the fact that nanoflagellates and ciliates have been identified in most case studies as the main bacterivores. It seems to be rather obvious that a mixed bacterial assemblage can shift rapidly in phenotypic and/or genotypic species composition when exposed to heavy grazing by HNF as long as sufficient substrate supply for growth is available. This can be verified by supplying a natural water sample, from which metazooplankton has been removed, with carbon substrates. Normally the appearance of peculiar growth forms (filaments, aggregates, new 'types' of bacteria) can be observed after a mass development of bacterivorous protozoans. Predation and the occurrence of bacteria with different vulnerability may decrease competitive exclusion and hence increase bacterial diversity (Jost et al. 1973) .
(2) The appearance of obviously grazing-resistant bacteria (mainly complex morphological forms) has been observed in nature, at least in more nutrient-rich situations. An increased percentage of such morphotypes occurs when protozoan grazing is the dominant selection force. Other types of GRB (e.g. chemically resistant forms), which are not detected by current methodology, might be present as well in these situations.
(3) Predation on protozoans seems to be a key factor for the bacterial community structure. The impact of metazoans on microbial food webs, especially predatory control of protozoans, has received more attention only recently (reviews by Stoecker & Capuzzo 1990 , Arndt 1993 , Sanders & Wickham 1993 , Jiirgens 1994 . Ciliates might be temporarily important as consumers of nanoflagellates as well (Verity 1991 b) . Metazoans (and larger protozoans) promote in 2 ways the predominance of freely dispersed, single bacterial cells which are vulnerable to grazing by nanoflagellates. First, the suppression of bacterivorous protozoans indirectly reduces grazing pressure on bacteria and thereby enables higher bacterial densities. Second, forms resistant to protozoan grazing (e.g. complex growth forms) can be directly consumed by many metazooplankters. However, it is unlikely that topdown control of protozoans by zooplankton is the only mechanism which enables a relatively constant bacterial standing stock. Zooplankton exhibit pronounced seasonal variability in biomass and species composition, which is also reflected in seasonal changes of protozoan populations. This is not reflected in similar variations of bacterioplankton, which seem to be relatively stable within a given system (see Fig. 3 ).
The inclusion of GRB into a tentative scheme of trophic interactions between bacteria, protozoans and metazoans would help to explain the buffering of bacterial standing stocks. Three different, simplified food web constellations which either promote or suppress the development of GRB are shown in Fig. 7 . When the biomass remains relatively unchanged, but the comabundance of filter-feeding mesozooplankton is high, munity structure, particularly the proportion of GRB, is heterotrophic nanoplankton (HNAN) are predation altered between the situations depicted in Fig. ? A & C. controlled and the resulting grazing on bacteria is
The bacterial assemblage would in both cases use the relatively low (Fig. ?A) . The major selection force for ambient substrate pools and approach the carrying bacteria is competition for substrates with a predomicapacity. The bacterivores are cropping only the bacnance of small, freely dispersed single cells which are terial production which is edible and do not suppress highly edible for bacterivorous protozoans. The metathe bacterial standing stock significantly below the zoans also have some direct impact on the bacterial carrying capacity. The 2 simplified scenarios are cercommunity but this depends on the presence of species tainly the extreme cases and intermediate situations which are capable of bacterial feeding (e.g. Daphnia).
are more realistic. HNAN are often top-down controlled even when
In addition to these examples, which occur in mesomesozooplankton biomass is low because microzooto eutrophic environments, we have to consider the plankton (e.g. oligotrichous ciliates, rotifers) can be the situation of severe nutrient limitation in the bulk phase major consumers of HNAN (Fig. ?B) . Ciliates can also of oligotrophic waters. Here the bacterial assemblage affect changes in bacterial community structure is characterized by the dominance of ultramicro- (Turley et al. 1986 ) and the proportion of GRB might bacteria, to a large extent cells in a starvation-survival be increased compared to Fig. ? A. When selectivemode. Predation pressure is low because of the low feeding mesozooplankton (e.g. cyclopoid copepods) abundance of protozoans (numerical refuge). are abundant (Fig. ?C) , microzooplankton can be suppressed and the resulting predation on HNAN would be low. In this case, grazing pressure on bacteria by Consequences of GRB for carbon flow and nutrient nanoflagellates and small ciliates would promote the regeneration change of the bacterial assemblage towards the dominance of protozoan-resistant forms. However, other
Because of the assumed overall importance of bacsituations might also result in temporarily low predaterioplankton, the occurrence of GRB should also have tion on bacterivorous protozoans. For example, the significant implications for carbon and nutrient flows short generation times of bacteria and protozoans may in pelagic habitats. Bacteria represent a significant or allow them to increase more quickly in response to even predominant fraction of the total planktonic bioincreases in food resources than metazooplankton. mass and convert a large proportion of photosynthetiThe outcome of these contrasting food web constelcally produced carbon into secondary production, prolations is that the overall standing stock of bacterial viding an important food source for higher trophic levels. Hence, bacteria can be consid- (C) High biomass of selective-feeding metazooplankton: microzooplankton are predation controlled, HNAN exert strong grazing pressure on bacteria and the development of grazing-resistant bacteria (GRB) is enhanced ered as an important trophic link by which otherwise lost detrital energy is channelled back into the planktonic food web (Sherr & Sherr 1988) . At the same time, consumption of bacterial production stimulates primary production and, hence, further increases the trophic energy flow because bacterially bound nutrients are regenerated by grazing activities (Azam et al. 1983) Obviously, this picture has to be considerably modified if a major part of bacterial biomass is less available to higher trophic levels. This will be the case when GRB dominate the bacterial community, either as non-growing ultramicrobacteria or as large complex growth forms and other types of grazing-resistant cells. In such situations the bacterial biomass must be considered as a refractory pool which is characterized by a slow turnover. Besides GRB, there may be a fraction of the bacteria which exhibit high growth, high grazing losses, and high turnover. This view of a rather refractory nature of bacterioplankton as a whole is supported by recent estimates of turnover times of bacterial biomass, which frequently range from several days to weeks (e.g. Fuhrman et al. 1989 , Pace et al. 1990 , Giide et al. 1991) . Thus, the turnover of bacterial biomass can be considered in analogy to the turnover of the DOC pool, which usually constitutes the largest part of organic matter in natural waters. For both DOC and bacteria, the division into a large refractory pool with slow turnover and a small labile and dynamic one seems to be appropriate.
In any case, the existence of GRB necessarily implies a decrease of the overall growth efficiency of bacterioplankton, because the large, slow-or non-growing refractory part is respiring energy. The increased dissipation of energy also leads to a decreased transfer within the system. The resulting shortage of energy will become even stronger when considering the important participation of bacteria in the flow of inorganic nutrients. A large proportion of essentially limiting nutrients is incorporated in bacterial biomass (Vadstein et al. 1988 , Jiirgens & Giide 1990 ). Recycling of these nutrients occurs mainly by bacterivorous protozoan~. A buffering of bacterial biomass throughout the growing season by GRB implies a n enhanced nutrient storage in the heterotrophic compartments. This results in less recycling and, hence, less supply of limiting nutrients for primary production.
In conclusion, the main implication of GRB seems to be a reduction of the total productivity of pelagic ecosystems, because of decreased energy transfer within the food web and because of decreased regeneration of limiting nutrients. On the other hand, the buffering properties of GRB may also contribute to an enhanced overall stability of a system, which, however, has to be considered more thoroughly by appropriate theoretical models. Obviously the presently available evidence is by far insufficient for a comprehensive understanding of GRB and to judge whether their occurrence might alter the concepts on the role of heterotrophic microorganisms which had been developed a decade ago (Williams 1981, Azam et al. 1983 ). The development of new techniques which could resolve the composition of natural bacterial communities will certainly yield significant progress and new insights within the near future. The provided data and considerations should stimulate a consideration of the GRB concept more intensively in future studies, in order to achieve a more comprehensive view of the structure and function of bacterioplankton within planktonic food webs.
